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Abstract The studies on the mechanochemical synthesis

and electrochemical characterization of orthorhombic cal-

cium ferrite (CaFe2O4) are reported in this paper. Stoichi-

ometric mixtures of a-Fe2O3 and granulated Ca metal were

used as the starting materials for the synthesis process. The

synthesized calcium ferrite was characterized by room-

temperature Mössbauer spectra, XRD and TEM. The

electrochemical characterisation was carried out using

cyclic voltammetry studies. Mössbauer spectra provide the

yield of the reaction, information on the charge status, the

local symmetry and the magnetic state of the iron ions in

the mechanosynthesized ferrite material. XRD analysis of

the CaFe2O4 compound reveals the orthorhombic crystal

structure with an average crystalline size of about 28 nm.

TEM micrographs reveal the nanoparticles with irregular

crystal morphology ranging from 8 to 30 nm. The elec-

trochemical studies clearly show that the calcium ferrite

compound can act as an electrocatalyst for Oxygen

Evolution Reaction (OER).

Keywords Nanostructures � Electron microscopy �
X-ray diffraction � Electrochemical properties

1 Introduction

In industrial electrochemical processes such as water

electrolysis for hydrogen production, metal electro winning

processes and in energy producing systems a stable anode

material with low over voltage for the oxygen evolution is

desirable. The oxygen evolution and reduction reactions

are also important in fuel cells, batteries and in various

aqueous electrolysis [1]. It is reported that even the

dimensionally stable anode (DSA) which is the most

superior anode material for chlorine evolution is not so

good as regard to long term stability for OER [2, 3]. The

main requisites for an electrode material for technological

applications for the OER are high surface area, high elec-

trical conduction, good electrocatalytic behaviour, mini-

misation of the gas bubble problem, low cost, and safety as

regard to health [4].

A number of metals and alloys have been tested as

electrocatalysts for the above applications. Nickel and nobel

metals are considered to be very good anode materials in

alkaline and acid solutions. It is reported that an oxide layer

is always formed at the surface in the potential region at

which oxygen evolves even if an inert metal electrode is

used as the anode. Therefore, the oxide formed on the metal

substrate always affects the reaction mechanism and the

OER properties. It is generally believed that the oxide is

more stable than the metal in such environments, since an

oxide cannot be easily further oxidised. This is true for

almost all oxide electrodes and extensive research has been

made about the OER concerning oxide electrodes [5–8]. The

electrocatalytic behaviour of these anode materials is

important which directly influences the overvoltage of the

OER. Therefore, a lot of research work is focused on these

oxide materials and their applications in electro catalysis

[9]. Many oxide materials such as nickel ferrite, cobalt
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ferrite and manganese ferrite have been synthesized and

tested for their OER properties [10–12]. It is reported that

the effectiveness of various oxide electrodes towards oxy-

gen evolution decreased in the order Ru [ Ir * Pt *
Rh * Pd * Ni * Os [[ Co [[ Fe. Poor activities

were observed on V, Cr, Mo, W, Mn and Re oxide electrodes

[1]. Co-based perovskite oxides with molecular formula La

1-xSrx CoO3 (0 \ x \ 0.5) and La 0.7Sr0.3 Co1-yByO3 where

B = Cu, Fe, Ni, Cr or Mn; (0.05 \ y \ 0.2), showed that

the partial substitution of La by Sr in the LaCoO3 matrix

increased the electrochemically active area (RF), as well as

the apparent electrocatalytic activity (ia) but it decreased the

true catalytic efficiency (it) [13]. The substitution of Al by

Ni in NixAl1-xMn2O4 influences the rate of O2 reduction and

oxygen evolution reactions [14]. The partial substitution of

Cr for Fe in the CoFe2O4 greatly enhances the electrocata-

lytic activity of the oxide [15]. Correlations between solid

state chemistry, surface properties and electrocatalytic

reactivities towards the reaction of oxygen are investigated

on powder electrodes of cobalt and manganese spinel type

oxides MnxCo3-xO4 (0 B x B 1) [16]. A comparative study

on the electrochemical and physicochemical behaviour of

binary cobalt oxides with spinel structure MxCo3-xO4

(M = Li, Ni, Cu) was performed in alkaline media [17].

NiFe2O4 nanorods synthesized using an emulsion method

have shown higher discharge than that of the sample with

bigger building blocks [18]. Nano materials behave indeed

differently from their macroscopic counterparts if their

characteristic sizes are smaller than the characteristic length

scales of the physical phenomena occurring in bulk mate-

rials [19]. The enhanced properties are achieved from their

large number of atoms residing in defect environments such

as grain boundaries, interfaces and triple junctions com-

pared to coarse-grained polycrystalline materials [20, 21].

Recently studies have been focused on nanoferrites as

electrocatalysts for many organic and inorganic reactions.

Nano ferrites have been prepared by mechanical activation

process and their structural and magnetic properties have

been elucidated [22–25]. Ca–Fe–O is one of the interesting

systems, which finds application as oxidation catalysts,

high-temperature sensors, gas absorbers, electrodes for

solid oxide fuel cells etc. [26–28]. CaFe2O4 is used as

pigment [29], as an anode material in lithium batteries

[30] and employed as catalytic material [31]. CaFe2O4 has

been synthesized using various methods such as ceramic

method [31], Pechini process [32] and co-precipitation

method [33]. A novel synthesis route for both calcium

ferrites (CaFe2O4 and Ca2Fe2O5) was proposed [34], using

mechanically activated mixtures of organic precursors. It is

prepared by mechanical activation using a mixture of

Ca(OH)2/a-FeOOH [35] and by thermal decomposition of

Ca[Fe(CN)5NO]�4H2O [36]. A single-step mechanosyn-

thesis of nanocrystalline CaFe2O4 particles has been

reported in our previous work [37]. To the best of our

knowledge, studies on the electro catalytic behaviour of

Ca-ferrite have not been made in aqueous solutions.

In the present investigation, we report the mechano-

chemical synthesis of nanocrystalline CaFe2O4, using Ca/

a-Fe2O3 as the precursor and its electro catalytic behaviour

in aqueous environments.

2 Experimental

2.1 Synthesis of CaFe2O4 Powders

For the synthesis of CaFe2O4, stoichiometric mixtures of

a-Fe2O3 and granulated Ca metal (Merck, Darmstadt,

Germany) were used as starting materials. The mixture was

milled using a Pulverisette 6 planetary ball mill (Fritsch,

Idar-Oberstein, Germany) at room temperature. A grinding

chamber (250 cm3 in volume) and balls (10 mm in diam-

eter) made of tungsten carbide were used for the milling

process. The ball-to-powder weight ratio was 40:1. Milling

experiments were performed in air at 600 rpm.

2.2 Characterization of CaFe2O4 Powders

The synthesized powders were characterized using

Mössbauer spectra, XRD, TEM and Electrochemical

studies. Room-temperature Mössbauer spectra were taken

in transmission geometry using a 57Co/Rh c-ray source.

The velocity scale was calibrated relative to Fe. Recoil

spectral analysis software [38] was used for the quantita-

tive evaluation of the Mössbauer spectra. The X-ray dif-

fraction (XRD) patterns were collected using a PW1820

Philips powder diffractometer (Philips, Eindhoven, Neth-

erlands) with Cu Ka radiation. The microstructural features

were obtained from the Rietveld analysis of the XRD data

using the Powder Cell program. The JCPDS PDF database

was utilized for the phase identification of the compound.

The morphology of the powders and the sizes of individual

crystallites were examined using a combined field-emis-

sion (scanning) transmission electron microscope (S) TEM

(JEOL JEM-2100F) with an ultrahigh-resolution pole piece

that provides a point resolution better than 0.19 nm at

200 kV. Prior to TEM investigations, powders were cru-

shed in a mortar, dispersed in ethanol, and fixed on a

copper-supported carbon grid.

2.3 Electrode Preparation for Electrochemical Studies

CaFe2O4 modified electrode was prepared by brush coating

on a nickel foil (Ni) support and stainless steel (SS) support

(typically 1 cm2) with a suspension of oxide powder,

acetylene black and colloidal poly vinylidene fluoride
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(PVDF) binder (Kureha Chemical Industry Co., Ltd.,

Japan) in the weight ratio of 70:20:10. While mixing,

1-Methyl-2-pyrrolidone (CH3NCOCH2CH2CH2, Wako

Pure Chemical Industries, Ltd., Japan) was used as the

solvent. The composite was coated on nickel foil and

stainless steel thin plates. The coated materials were heated

in vacuum at 150 �C for 24 h to obtain a smooth adherent

coating before they were used for electrochemical studies.

2.4 Electrochemical Measurements

All the electrochemical measurements were performed in a

three-compartment glass cell, at room temperature, in

1 mol dm-3 KOH solution (Merck pro analysis). A plati-

num foil was used as the counter electrode and an Hg/HgO

electrode was used as the reference electrode. The working

electrode was the Ni/Ca Fe2O4 film and SS/Ca Fe2O4 film

(geometric area 1 cm2). Electrical contact was provided

with a Cu rod fitted into a Teflon rod. Cyclic voltammo-

grams were recorded by the use of an electrochemical

system Autolab PGSTAT 30. The cyclic voltammetric data

were processed by the software GPES 4.9. The morphology

of the thin film of CaFe2O4 coated electrodes before and

after the electrochemical studies were examined using a

Scanning Electron Microscope (JEOL-JSM-3.5 CF-Japan).

3 Results and Discussion

3.1 Charge State Characterization

The mechanically induced evolution of the Ca/a-Fe2O3

mixture subjected to high-energy milling was followed by
57Fe Mössbauer spectroscopy is shown in Fig. 1. The

spectrum of the starting mixture Ca/a-Fe2O3 shows a sextet

with a magnetic hyperfine field of 51.6(4) T corresponding

to a-Fe2O3. With increasing milling time, the sextet

becomes asymmetric toward the inside of each line, slowly

collapses, and is gradually replaced by a central doublet.

This spectral component can be assigned to the mechano-

synthesized CaFe2O4 product [22]. It is interesting to note

that the Mössbauer spectrum of a-Fe2O3 exhibits only a

broadened sextet even if the particle size of the material

reaches the nanoscale range; i.e., it does not display a super

paramagnetic doublet. The fact that the spectral compo-

nents, corresponding to the initial reactant (a-Fe2O3) and

the product (CaFe2O4) phases, are clearly resolved in the

spectra. It is evident that 57Fe Mössbauer spectroscopy

provides a very sensitive probe for the estimation of the

yield of the reaction.

The above results are complemented by the analysis of

the room-temperature 57Fe Mössbauer data of paramag-

netic CaFe2O4. In addition to the Mössbauer spectra

showing the mechanosynthesis route to CaFe2O4 (Fig. 1),

we present the discussion of the hyperfine parameters

obtained by fitting the spectrum of the mechanosynthe-

sized material. Taking into account the orthorhombic

structure of CaFe2O4 with two nonequivalent iron posi-

tions, the spectrum of the mechanosynthesized material is

fitted by using two quadrupole doublets (Fig. 2). The

estimated isomer shifts values (IS1 = 0.216(7) mm/s,

IS2 = 0.210(1) mm/s) of the doublet components are

both typical for Fe3? ions in sites octahedrally coordi-

nated by oxygen [39]. The quadrupole splittings of

the spectral components (QS1 = 0.613(7) mm/s, QS2 =

0.924(2) mm/s) reflect different values of the electric

field gradients acting on Fe3? nuclei in the two non-

equivalent octahedral positions of the mechanosynthe-

sized material. These values are larger than those

reported for the conventionally synthesized (bulk)

CaFe2O4 (QS1 = 0.30 mm/s, QS2 = 0.75 mm/s) [28, 40].

Note, however, that larger electric field gradients are

typically observed for mechanosynthesized complex oxi-

des [41]; they are produced by an asymmetric electronic

charge distribution around the iron ions due to the dis-

tortion of polyhedra. It is found that for both octahedrally

coordinated sites, the relative intensities of the spectral

components are almost equal, reflecting the same occu-

pation factor of iron cations within these structural units.

Thus, the crystal chemical formula of the mechanosyn-

thesized material can be written as Ca[Fe]oct1[Fe]oct2O4,

where brackets enclose Fe3? cations in nonequivalent

distorted oxygen octahedra.

Fig. 1 Room-temperature 57Fe Mössbauer spectrum of Ca/a-Fe2O3

powders milled for various times (tm)
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3.2 Powder Phase Characterization

Figure 3 shows the XRD pattern of the mechanosynthesized

CaFe2O4 product obtained after 1 h of milling of the Ca/

a-Fe2O3 mixture. The Rietveld analysis of the XRD data of the

mechanosynthesized material has revealed both an average

crystallite size of about 18 nm and the presence of mean

strains of 3 9 10-3 in the produced ferrite. Based on the anal-

ysis, the crystal structure of the mechanosynthesized product

is found to be orthorhombic with the unit cell parameters

a = 9.214(3) Å, b = 10.686(3) Å and c = 3.004(4) Å. It

should be noted that these unit cell parameters are smaller than

those reported for bulk CaFe2O4, JCPDS PDF 32-0168

(a = 9.230 Å, b = 10.705 Å, c = 3.024 Å) [42].

3.3 Powder Morphology Analysis

The high resolution Transmission Electron Micrographs of

mechanosynthesized CaFe2O4 are shown in Fig. 4. The

TEM images reveal the presence of nanoparticles with

irregular shape. The particles have relatively broad size

distribution ranging from 8 to 30 nm. The nanoparticle has

the core–shell structure consisting of an ordered inner core

surrounded by a disordered surface shell region. The

thickness of the surface shell is found to be about 1.9 nm

(Fig. 4b). The high-resolution TEM images show lattice

fringes corresponding to the crystallographic plane (220)

(d = 3.5 Å) of the CaFe2O4 phase. The lattice fringes cross

the whole particle core demonstrating its single-crystalline

character.

3.4 Cyclic Voltammetric Studies

Figure 5 represents the cyclic voltammograms corre-

sponding to the CaFe2O4 film coated on stainless Steel (SS)

substrate and that of the bare Stainless Steel (SS) substrate

in 1 M KOH solution at 50 mV/s. No redox features are

observed in the voltammogram. The onset of oxygen

evolution occurs at the same potential in both the cases.

However, the current density for oxygen evolution is found

to be lower in the case of the ferrite coated SS substrate.

For e.g. at 0.8 V, the current densities corresponding to

oxygen evolution are 0.02 for the ferrite coated SS and

0.04 A/cm2 for the SS substrate. It is noted that the current

density is two times lower on the CaFe2O4 coated electrode

than the bare SS substrate.

Figure 6 represents the cyclic voltammograms corre-

sponding to the CaFe2O4 film coated Ni substrate and bare

Ni substrate in 1 M KOH at 50 mV/s. In the case of the

bare Ni substrate a small anodic peak corresponding to the

oxidation of Ni (OH) 2 is seen at around 0.57 V. On

CaFe2O4 coating, the peak corresponding to the oxidation

of Ni(OH)2 decreases to a great extent indicating that most

of the Ni substrate is covered by the ferrite film. In this case

also oxygen evolution occurs at the same potential as in the

case of the coated and uncoated substrates. However, the

current density for oxygen evolution is higher in the case of

the ferrite coated electrode. At 0.8 V, the observed current

densities for oxygen evolution turn out to be 0.015 and

0.04 A/cm2 respectively for the bare and ferrite coated Ni

substrate respectively.

Figure 7 corresponds to the Tafel polarization curves

recorded for the four substrates mentioned above (SS,

CaFe2O4 coated SS, Ni and CaFe2O4 coated Ni).The

observed Tafel-slopes and the over potentials correspond-

ing to the fixed current densities are presented in Table 1.

The catalytic behavior could not be compared based on the

exchange current densities as the Tafel slopes are different

Fig. 2 The room-temperature 57Fe Mössbauer spectrum of mechano-

synthesized CaFe2O4. Grey subspectra correspond to Fe3? cations in

nonequivalent octahedral sites in the orthorhombic structure of the

ferrite. The minor component (white) is associated with a small

amount of unreacted Fe2O3

Fig. 3 XRD pattern of the mechanosynthesized complex oxide

CaFe2O4. Diffraction lines of the mechanosynthesized product are

denoted by miller indices
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for all the cases. This indicates that a (Transfer Coefficient)

will be different for all the four cases and the path and

mechanism will not be the same for them. Hence, a com-

parison of the electrocatalyic behavior is made at certain

fixed current densities and at two low over potentials

(Table 1) [13, 43]. The Tafel slope values are quite dif-

ferent in all the four cases under investigation. It is also

observed from the literature that the Tafel slopes vary

widely in the range 0.038–0.110 V/decade in the case of

the ferrites NixFe3-xO4, NiFe2O4, MgFe2O4, MnFe2O4 [9].

At a lower current density (say 1 mA/cm2) the over

potentials are lower only for the bare substrates. At a higher

current density (say 10 mA/cm2) the over potential is found

to be lower for the ferrite coated Ni substrate compared to

the bare substrate, while in the case of ferrite coated SS

substrate the over potential is higher compared to bare SS

substrate. Similarly a comparison is made at two different

over potentials namely 625 and 675 mV. In this case also, it

is observed that the current densities corresponding to fer-

rite coated SS substrate are lower compared to bare sub-

strate, while in the case of ferrite coated Ni substrate, higher

current density is observed for oxygen evolution compared

to bare substrate. These results clearly reveal that the ferrite

films on the Ni substrates exhibit better electro catalytic

behavior compared to SS substrates. The experiments were

repeated to check the reproducibility of the activities of the

catalyst materials. The catalyst coated electrode substrates

were found to be stable for nearly 20 cycles.

3.5 Morphological Analysis of Coated CaFe2O4

Figure 8a and b corresponds to the SEM images of the SS/

CaFe2O4 electrodes before and after electrochemical

Fig. 4 a High-resolution TEM image demonstrating the presence of

CaFe2O4 nanoparticles of irregular shape with a relatively broad size

distribution ranging from about 8–30 nm. b The core–shell config-

uration of mechanosynthesized nanoparticles with the thickness of the

surface shell of about 1.9 nm is evident. The lattice fringes

correspond to the crystallographic plane (220) (d = 3.5 Å) of the

CaFe2O4 phase (JCPDS PDF 32-0168)

0.4 0.6 0.8 1.0

0.00

0.05

0.10 SS

SS/CaFe
2
O

4

j/A
 c

m
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E /V vs Hg/Hg
2
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Fig. 5 Cyclic voltammogramms of bare stainless steel substrate and

CaFe2O4 coated stainless steel substrate in 1 M KOH at 50 mV/s
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0.06

0.12

Ni

Ni/CaFe
2
O

4

j /
A

cm
-2

E/V vs Hg/Hg
2
(OH)

2

0.4 0.6 0.8 1.0

Fig. 6 Cyclic voltammogramms of bare Nickel substrate and

CaFe2O4 coated Nickel substrate in 1 M KOH at 50 mV/s
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investigations. No major change is observed in these two

images. Morphological characteristics remain the same

before and after electrochemical studies. Figure 8c and d

corresponds to Ni/CaFe2O4 electrodes before and after

electrochemical studies. It is noticed that the sizes of the

granules on the electrode surface are reduced after elec-

trochemical studies.

4 Conclusions

The possibility of preparing calcium ferrite through

chemical transformation by mechanical energy has been

studied using Ca/a-Fe2O3 as the reactants. Mechano-

chemical activation with high-energy ball milling promotes

the synthesis process. The XRD data reveal the crystal

structure of the product conforms to orthorhombic struc-

ture. Mössbauer spectra provide the yield of the reaction,

information of the charge status, the local symmetry

and the magnetic state of the iron ions in the mechano-

synthesized ferrite material. The synthesized nano crys-

talline calcium ferrite can act as an electro catalyst for

oxygen evolution in alkaline medium. In industrial elec-

trochemical processes such as water electrolysis for

hydrogen production, metal electro winning processes and
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0.02

0.03
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 SS/CaFe
2
O

4

 Ni

 Ni/CaFe
2
O

4

j /
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E/V vs Hg/Hg
2
(OH)

2
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-2.1

Lo
g 

j A
cm

-2

E/V vs Hg
2
(OH)

2

0.65 0.70 0.75 0.80

Fig. 7 Polarization curves for oxygen evolution in 1 M KOH. The

inset shows the respective Tafel lines

Table 1 Kinetic parameters of

oxygen evolution reaction of

oxide electrode in 1 M KOH at

25 �C

Electrodes Tafel slope

(b) mV decade-1
gO2 (mV) ia (mA/cm2)

At i =

1 mA/cm2
At i =

10 mA/cm2
At E =

625 mV

At E =

675 mV

SS 62 ± 1 633 ± 3 691 ± 3 1.12 ± 0.003 7.079 ± 0.04

SS/CaFe2O3 54 ± 1 650 ± 3 725 ± 3 0.489 ± 0.004 3.548 ± 0.01

Ni 124 ± 1 631 ± 3 775 ± 1 0.870 ± 0.003 2.238 ± 0.01

Ni/CaFe2O3 71 ± 1 642 ± 3 718 ± 1 0.631 ± 0.003 2.88 ± 0.01

Fig. 8 a and b SEM images of

the SS/CaFe2O4 electrodes

before and after being subjected

to oxygen evolution reaction in

alkaline medium C, D SEM

images of Ni/CaFe2O4

electrodes before and after

being subjected to oxygen

evolution reaction
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in energy producing systems a stable anode material with

low over voltage for the oxygen evolution is desirable.

Based on the experimental results, CaFe2O4 can be used as

a suitable anode material for such electrochemical

applications.
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